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E706DipionMassDistributions

The mass of the two leading
particles is a natural observable
for testing pQCD.

Additionally, mass is invariant
under boosts and is therefore
insensitive to the effects of
initial-state radiation.

Typically, for kT-insensitive
quantities, LO pQCD
compares well with data. 1
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E706DipionMassDistributions√
s ≈ 30 − 40 GeV
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Dipions atNA24/E706/E711/CCOR
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The ππ data in these plots have equivalent cuts.
Most of the data agree within uncertainties.
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Correlations inPairProduction

Correlations between high-pT particles
probe aspects of the hard-scatter not
easily accessible via studies of inclusive
particle production.

In particular, studies of high-mass pairs
of particles such as direct-photons and
pions may be used to extract information
about the transverse momenta of
partons prior to the hard-scatter (kT).

pOUT 1

pOUT 2

∆φ

pY

pX

pT 1
Õ

pT 2
Õ

QT = | p
→

T 1 + p
→

T 2 |

z1 = −(pT 2/pT 1) cos ∆φ
z2 = −(pT 1/pT 2) cos ∆φ
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AboutkT Effects

kT refers to the magnitude of the
effective transverse momentum
vector of each of the two colliding
partons

Average kT values significantly
larger than expected from non-
perturbative hardon-size effects
have been observed in Drell-Yan
and diphoton production, and have
been interpreted as resulting from
multiple soft gluon emissions. 0
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kT is expected to modify
l back-to-back alignment of final state objects
l fragmentation distributions in jets recoiling against high-pT triggers
l magnitude and shape of high-pT inclusive cross sections
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E706DiphotonCorrelations√
s = 31.1 GeV

Fixed order pQCD calculations
do not sufficiently describe
kinematic correlations between
pairs of direct photons.

Resummed pQCD calculations
agree well with the data
distributions.

Pythia with kT smearing also
describes the data.
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E706DipionCorrelations√
s ≈ 30 − 40 GeV

A LO pQCD calculation
that models kT via Gaussian
smearing is compared against
the data.

We assume 〈jT〉 = 0.6 GeV/c
based on CCOR and R702
measurements.
(labelled as 〈qT〉 in the plots).
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E706DipionCorrelations√
s ≈ 30 − 40 GeV

A LO pQCD calculation
that models kT via Gaussian
smearing is compared against
the data.

We assume 〈jT〉 = 0.6 GeV/c
based on CCOR and R702
measurements.
(labelled as 〈qT〉 in the plots).

Each pair enters twice.
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E706CorrelationsSummary√
s = 31.1 GeV
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ZEUSPhotonCorrelations√
s ≈ 200 GeV
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DØDijetProduction√
s = 1960 GeV
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Higher-order pQCD calculations have additional radiation. One that includes
LO 4-parton emission (NLO in 3-parton) agrees better with data than one
limited to 3-parton emission (LO). Both calculations diverge at ∆φ ∼ π. Tuned
Pythia with 〈kT〉 ≈ 2 − 3 GeV/c also matches the dijet ∆φ distribution.
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CDFDiphotonCorrelations√
s = 1960 GeV
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E706Away-sideParticles√
s = 38.8 GeV

kT affects fragmentation
distributions in jets recoiling
against high-pT triggers.

Particles produced opposite
a high-pT trigger have softer
distributions — this effect is
similar to trigger bias.
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SingleParticle InclusiveProduction

kT has an impact on the magnitude and
shape of high-pT inclusive cross sections.

In many respects, kT affects pT

distributions like resolution smearing.
Distributions may show an effect for
pT >> 〈kT〉.

Resummed pQCD calculations should
properly include kT effects.

High-order pQCD calculations should
also partially compensate for this effect
by including additional radiation.

PT PT
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E706 InclusiveProduction√
s ≈ 30 − 40 GeV
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NLO pQCD calculations do not agree with measurements of direct pho-
ton production and exibit large scale dependence. PDF uncertainties,
while large, do not have sufficient flexibility to make up the difference.
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NuclearDependence—Be/H
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PhotonProductionatHadron–HadronExperiments
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PionProductionatHadron–HadronExperiments
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ModelingkT Effects

LO pQCD calculations model incident-parton kT using Gaussian
smearing. This smearing is not available in current NLO pQCD
calculations.

Approximate treatment:

σNLO × KLO(pT),

where,

KLO(pT) =
σLO (〈kT〉)

σLO (〈kT〉 = 0)
.

Double-counting of contributions
is expected to be small:
l 〈pT〉NLO

γγ
∼ a few hundred MeV/c

l 〈pT〉RESUMMED

γγ
≈ 1.5 GeV/c at√
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E706 InclusiveProductionwithkT√
s = 38.8 GeV

kT-enhanced NLO pQCD
compares well with both
direct-γ and π0 data.

Chosen kT values were
influenced by studies of two
particle correlations but are
model dependent. This is not
a measurement of kT. 10
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E706 InclusiveProductionwithkT√
s ≈ 31 GeV
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E706CharmProduction√
s = 31.1 GeV

Heavy flavor production is
also affected by kT effects.

A NLO pQCD calculation
that includes kT smearing
compares well with high-pT

production of D±.
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WA70&NA24DirectPhotons√
s ≈ 23 GeV
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UA6DirectPhotons√
s = 24.3 GeV
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CDF&DØIsolatedPhotons√
s = 630 GeV
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CDF&DØIsolatedPhotons√
s = 1800 GeV

10
-2

10
-1

1

10

10 2

10 3

10 4

10 5

20 40 60 80 100 120

d 
2 σ/

dp
T
 d

y cm
 [p

b/
(G

eV
/c

)]

p− p at √s=1800 GeV CDF
−0.9 ≤ ycm ≤ 0.9

Stat and sys uncertainties combined
Normalization shifted by 20%

NLO Theory (µ=pT)
CTEQ5M pdf

〈kT〉 = 3.5 GeV/c
〈kT〉 = 0.0 GeV/c

-1

-0.5

0

0.5

1

20 40 60 80 100 120
pT (GeV/c)

(D
at

a-
T

he
or

y)
/T

he
or

y 10
-2

10
-1

1

10

10 2

10 3

10 4

10 5

20 40 60 80 100 120

d 
2 σ/

dp
T
 d

y cm
 [p

b/
(G

eV
/c

)]

p− p at √s=1800 GeV (D∅)
−0.9 ≤ ycm ≤ 0.9

Stat and sys uncertainties combined

NLO Theory (µ=pT)
CTEQ4M pdf

〈kT〉 = 3.5 GeV/c
〈kT〉 = 0.0 GeV/c

-1

-0.5

0

0.5

1

20 40 60 80 100 120
pT (GeV/c)

(D
at

a-
T

he
or

y)
/T

he
or

y

Michael Begel 27



Conclusions

l Correlations between high-pT particles provide useful information
about the transverse momenta of partons prior to the hard scatter.

l kT has an effect on high-mass pairs, away-side particle distributions,
and single particle inclusive production as measured by many
experiments from

√
s = 5 to 1960 GeV.

l Resummed pQCD calculations (which include soft-gluon emission)
and pythia (which simulates initial-state radiation via Gaussian
smearing) represent the shapes of data distributions adequately.

l Simple implementations of parton kT smearing for NLO pQCD
calculations, using kT values consistent with observations, provide
reasonable descriptions of most recent direct-γ and π0 cross sections
over a wide range of

√
s.
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